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A newmethod for the polymerization and patterning of a conducting polymer by using a femtosecond laser
is presented. In this research, pyrrole-3-carboxylic acid (PCA), an acid derivative of pyrrole, was used
because of its higher water solubility and favorable adhesion to the glass surface. The PCA pattern was
fabricated in a microfluidic channel between gold electrodes and comprised micro-/nano structures.
The optimized parameters of the femtosecond laser were investigated for obtaining sharp and defined
conducting polymer patterns. The aqueous state of the polymerization enhanced the possibility of
applying additional dopants for extending the functionality of the pattern, including embedding of bio
molecules. The generated patterns of the conducting polymer were observed and evaluated by atomic
force microscopy and conductivity measurements.Introduction
Conducting polymers are widely used in many applications,
such as organic light-emitting diodes, solar cells, memory
devices, and eld-effect transistors (FETs), because of their good
conductivity and processability.1,2 Various conducting polymers
such as polypyrrole,3 polythiophene,4 polyaniline5 or poly(3,4-
ethylenedioxythiophen) (PEDOT)6–8 provide not only good
conductivity but also biocompatibility for electrochemical
sensing, and incorporation of biological molecules such as
proteins or cells. They can be also prepared in aqueous solution
which avoids denaturation and conformational changes of
biomolecules compared to organic solvents.9 Among the various
conducting polymers, polypyrrole is one of the most widely used
materials due to its excellent stability under severe environ-
mental conditions.10
Different approaches have been utilized in order to fabricate
polypyrrole patterns onto a surface of the substrate such as
chemical, electrochemical polymerization and photo-polymeri-
zation.11 However, lithography and other chemical polymeriza-
tion processes may include either high temperature or high
acidic or basic environments which would not be applicable for
biological molecules as well as many processing steps and
photomasks.12
In comparison to the conventional methods like lithography
or electrochemical polymerization, direct laser writing (DLW) isy Europe GmbH, Campus E7 1, 66123
rope.de
e of Technology, Hermann-von-Helmholtz-
ermany
tion (ESI) available. See DOI:
hemistry 2017utilized as the advancement in the eld of polymerization and
structuring due to the following advantages;13,14 DLW has
several advantages of high precision structures, easy fabrication
of structures, fast and relatively reproducible patterns without
a photomask. With the utilization of the ultrashort pulses,
nonlinear optical processes such as two-photon absorption can
take place. The structure formations are three dimensional in
micro/nano scale.
Furthermore, the DLW can be adequately utilized in aqueous
condition, which is the most favorable for biological materials.
The conventional chemical and electrochemical polymerization
techniques in aqueous solution is slow and this long polymer-
ization time leads to irregular and unstable solidication
generating inaccurate structures.15 Whereas DLW of the
aqueous solution to fabricate sub-micron structures on the
substrate is advantageous as the electron ow for polymeriza-
tion can be maintained local only in the interested area.
Therefore, the writing area is only the focal area and the
structures are formed in the focal plane.12 Also, the adhesion of
the polymer layer to the substrate is one of the advantages of the
DLW process due to the varied emission wavelengths depend-
ing on the mechanism used on the photon generation.16 Since,
the monomers can be prepared in different concentrations to
form the aqueous solution; there is a possibility of applying
additional dopants in order to enhance the functionalities of
the material.17 In this work, we have performed pyrrole poly-
merization in aqueous solution by using direct fs laser writing
technique. In order to conduct the process, a microuidic chip
has been fabricated which has gold electrodes in a microuidic
channel on a quartz glass substrate (Fig. 1(a)). The polymeri-
zation was done in the gap between the gold electrodes. The
aqueous mixture solution was injected into the microuidicRSC Adv., 2017, 7, 38565–38569 | 38565
Fig. 1 (a) Image of the fabricated microfluidic chip. Each channel has
200 mm width and 100 mm thickness made by SU-8 dry film on quartz
glass wafer. (b) Scanning electron microscopy image of polypyrrole
pattern. It was written by the laser between the gold electrodes.
RSC Advances Paperchannel and the laser beam was focused onto the glass surface
adjacent to the gold electrode edge for the polymerization to
take place.
The pattern has been drawn using the laser to form micro-/
nano structures of the conductive polymer as shown in
Fig. 1(b). Aer the polymerization, conductivity and surface
topology of the structure were measured and analyzed.Materials and methods
Materials
Pyrrole-3-carboxylic acid (PCA) of analytical grade was
purchased from Sigma-Aldrich. (3-Aminopropyl) triethoxysilane
and N-(3-triethoxysilypropyl)-4-hydroxybutyramide, i.e., both
the different types of silanes were used for the silanization of
the surfaces and were bought from Sigma-Aldrich. The poly-
amidoamine (PAMAM) G4.0 dendrimers were obtained via
Sigma-Aldrich Chemie GmBH from Dendritech Inc. (USA). A
100 mM aqueous solution of PCA was prepared from dissolving
of 22 mg of PCA in 2 mL of distilled water. A dendrimer mixed
solution was prepared with 50% (vol%) mixture of PAMAM G4.0
dendrimers and PCA.Microuidic chip
The quartz glass, 700 nm thick, was cleaned by piranha solu-
tion. Aer the rinsing step with using de-ionized (DI) water,
10 nm Cr as adhesion layer, and 20 nm Au layer were deposited
by magnetron sputtering. The electrode pattern was dened by
optical lithography using positive photoresist and subsequent
wet etching process with a mixture of KI : I2 : DI water
(4 : 1 : 40) to remove the Au, and a dedicated chromium
etchant. Finally, micro channel structures have been fabricated
by using 100 mm thick SU-8 dry lm and photolithography
processes on the quartz glass wafer.Methods
The microuidic chips were cleaned in an ultrasonic bath for 5
minutes using isopropanol and then dried with nitrogen.
Oxygen plasma treatment was applied for 3 minutes with the
power of 70 W. In order to get –OH or –NH2 terminated groups
on the quartz glass surface, 2% N-(3-triethoxysilypropyl)-4-38566 | RSC Adv., 2017, 7, 38565–38569hydroxybutyramide or (3-aminopropyl) triethoxysilane was
prepared in toluene and the chips were dip-casted for 30
minutes in an oven at 80 C respectively. Aer rinsing with
toluene and drying with nitrogen, the chips were cured at 100 C
in an oven for an hour.
Conducting polymer patterns were fabricated by using
a micromachining workstation (PS450-TO, Optec, Belgium)
equipped with an ultrafast ber laser (Tangerine, Amplitude
Systems, France) in Karlsruhe NanoMicro Facility. It is operated
with an average power of 20 W and maximum pulse energy of
100 mJ at 1030 nm (TEMOO with M2 < 1.3). The pulse duration
can be tuned in the range from 350 fs up to 10 ps and the
wavelength can be switched from fundamental (1030 nm) to
2nd (515 nm) or 3rd (343 nm) harmonics. For the polymeriza-
tion study, the 343 nm wavelength was chosen with a laser
repetition rate of 200 kHz and a spot size of about 20 mm (see
ESI: Fig. S2†). The pulse duration was set to 400 fs. The laser
beam was scanned over the sample surface using a RhothorTM
Laser Deection Systems scan head (Newson Engineering BV,
Belgium). The process was performed by scanning the laser
beam using a f-theta lens with a focal length of 100 mm. The
chip was ipped over and mounted on the XYZ piezo stage. The
laser beam was focused through the 700 mm quartz glass
substrate into the aqueous solution which was injected in the
microuidic channel. The laser movement and the focusing on
the sample were controlled by the soware of the laser system.
Several laser and process parameters such as laser power,
writing speed, number of writing repetitions and focal position
were tested.
A phase contrast microscope was employed in order to take
images of the polymerized pattern. Atomic force microscopy
was also done with a Park Systems NX10 AFM equipped with
a non-contact mode probe (PPP-NCLR-10, Nanosensors). The
conductivity of the patterns was measured using Keysight
B1500A Semiconductor Device Analyzer.Results and discussion, experimental
The results of laser polymerization were dependent on several
factors comprising of surface type of the substrate, different
aqueous mixture solutions including concentration variations
and the laser parameters. A number of tests have been per-
formed to fabricate ne and sharp pattern from polymerized
PCA. The adhesion between a deposited polymer and
a substrate is mainly determined by the interfacial properties of
the substrate. In this work, the adhesion property has been
tested by two different surface modications. (3-Aminopropyl)
triethoxysilane (APTES) and N-(3-triethoxysilypropyl)-4-
hydroxybutyramide were used introducing –NH2 and –OH
groups on the quartz glass surface respectively for enhancement
of the adhesion. Several preliminary tests were performed for
the optimization of the surface properties suitable for the
polymerization. It was found that the –OH terminated groups
showed relatively uniform adhesion along the laser writing path
whereas the –NH2 terminated groups led to strong but scattered
and radical adhesion (see ESI: Fig. S3†).This journal is © The Royal Society of Chemistry 2017
Fig. 3 Conductivity comparisons of fabricated patterns by various
parameters. The current is measured at 2 V and laser power is (a) 0.3
mW and (b) 0.6 mW. ①–⑩ are denoted to the samples of Fig. 2.
Paper RSC AdvancesDuring the laser polymerization process, various parameters
of the laser were tested whereas the speed of the laser beam was
always maintained at 100 mm s1. We selected low power that
could derive polymerization with maximum 1000 repetitions
suppressing possible damage of biological molecules in future
applications. The laser power was varied between 0.3–7 mW
(34–40% of the laser power).
However, maximum number of repetitions was kept low
during the tests with laser power of 2 mW or higher because, for
those laser power and high number of repetitions, the surface
between the gold electrodes showed no pattern along the laser
path whereas the gold electrodes were obviously damaged by
the laser.
For the comparison of the results, writing by the laser power
of 0.3 mW and 0.6 mW were tested with several writing repeti-
tions such as 1000, 750, 500, 250 and 100 and the microscopic
images were taken as follows.
Fig. 2 shows the polymerized structures between the gold
electrodes from a laser power of 0.3 mW and 0.6 mW with
various writing repetitions. The image was taken by phase
contrast microscope aer isopropanol washing and drying. As
shown in Fig. 2, the conducting polymer structure with 0.6 mW
laser power shows more precisely dened structure than 0.3
mW and can be formed well as repetitions number increase.
However, the conductivity results show that polymerization
induced by a laser power of 0.3 mW leads to a higher conduc-
tivity in comparison to the results of 0.6 mW power. A
comparative data of the conductivity measurements are shown
in Fig. 3. Patterns on hydroxyl group terminated surface showed
higher conductivity in overall. The conductivity of max. 17 S
cm1 has been obtained from PCA polymer pattern with 0.3 mW
laser power and 750 laser writing repetition. The patterns with
a higher laser power (0.6 mW) showed low conductivity
although the pattern appearance was ner.
Fig. 4 shows AFM analysis results from one of the curved part
of the pattern. The polymerized pattern shows that the width of
the structure is around 18 mm in accordance with diameter of
the laser spot. However, only the area of 7–8 mmwidth along theFig. 2 Microscopic images of the polymerized PCA patterns with various
(⑤, ⑩) 100. The images of ①–⑤ are from 0.3 mW laser power experim
This journal is © The Royal Society of Chemistry 2017center line shows higher density and height of 113 mm by 0.3
mW laser power with 1000 writing repetitions from the PCA
solution. This type of prole has been obtained due to the
Gaussian nature of the femtosecond laser intensity.
Amixture of PAMAMG4.0 dendrimer and PCA has been used
to demonstrate direct functionalization of the conductive
pattern by applying dopants. The dendrimer can bewriting repetitions, (①, ⑥) 1000, (②, ⑦) 750, (③, ⑧) 500, (④, ⑨) 250,
ent and ⑥–⑩ are from 0.6 mW.
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Fig. 4 AFM measurements of laser generated conductive PCA poly-
mer patterns. Curved parts of the patterns were scanned in the non-
contact mode. Cross sectional profiles (right) were measured in the
middle of the curved path.
RSC Advances Paperincorporated with PCA polymer and embedded with specic
moiety for active biological targets.
Comparing results from the PCA solution and the PAMAM
G4.0 dendrimer mixture, the width of the pattern shows
considerably reduced height of 40 nm as well as the reduced
width of around 12 mm. The addition of dendrimer led to
increased absorption of the laser power and showed the possi-
bility to control the dimensions of the structure. Several
different laser and process parameters were investigated for
different types of aqueous mixtures of PCA such as phosphate
buffer (pH 7.0) in order to optimize the parameters suitable for
the application as a bio-sensor. Phosphate buffer is a medium
in which biological molecules stay stable and does not dena-
turate from its original form.Conclusions
A direct fs laser writing technique has been employed for the
patterning process rather than the conventional lithography or
fused deposition techniques. Conducting polymer patterns
have been obtained from the aqueous mixture solution in the
middle of the microuidic channels. Several processing
parameters such as laser power, repetitions of writing as well as
surface modication of the glass substrate have been tested.
Using an aqueous solution and a microuidic chip, the pre-
sented method showed the possibility for direct fabrication of
a sensor element with biological molecules. Although further
studies and evaluations are required, the results from the fs
laser method showed the possibility of having a biological
molecule integrated into the pattern using a PCA solution.Acknowledgements
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